Abstract: Glass-reinforced epoxy (GRE) pipes are used as an alternative to carbon steel pipes in desert oil field applications owing to their good properties such as chemical resistance, thermal resistance and mechanical properties. In the desert oil field service, the pipes are exposed to different harsh environmental conditions such as high temperature, humidity and ultraviolet radiation. The harsh environmental conditions can affect the properties of GRE pipes, which, in turn, can impact their performance. The present study covers the effects of environment factors such as crude oil and well stream chemicals on the properties of GRE pipes. The pipe samples were aged in wet crude, effluent water and scale inhibitor to simulate the exposure to desert oil field service. The aged samples were evaluated for their mechanical properties, thermal stability and chemical resistance. The compositional change in the composite structures was characterized using Fourier transform infrared spectroscopy and matrix deterioration by scanning electron microscopy. Swelling studies revealed no significant diffusion by the chemical media. Tensile testing showed a slight change in tensile strength with aging in crude oil. In addition, all the pipe samples showed adequate thermal stability to withstand harsh environmental conditions.
Introduction
Fiber-reinforced thermosetting resin plastics (RTRPs) are increasingly being considered as a piping material owing to their light weight, greater flexibility, structural strength toughness, dimensional stability, ease of installation and minimum maintenance [1] . Because of these advantageous characteristics, RTRP composites have been used also in the construction of industrial structures through their use as a reinforcement in concrete and modular structures, and as an external reinforcement for strengthening [2] .The mechanical strength and the resistance to heat and other service conditions of RTRP depend on the type of resin used as a matrix, nature of filler and method used to make it [3, 4] . Epoxy-based composites are an important class of composite system that is increasingly being used in different industries, specifically the fibrous composites. Epoxy as a matrix is suitable for various applications such as in the marine, building and oil industry owing to its high specific strength, electrical insulating properties, corrosion resistance and chemical compatibility with reinforcing fibers [5] . In many of these applications, epoxies and epoxy composites are often exposed to harsh environments [6, 7] . The prolonged exposure leads to the aging of the epoxy resin to some extent, which results in the deterioration of the overall thermomechanical properties. However, these pressure-bearing piping structures have to operate on a secure mode, with minimum seepage during the operational conditions. However, these structures in the oil field are always subjected to undesired events such as corrosive agents, high-pressure loading and thermo-oxidative degradation. Therefore all the generated defects must be addressed to guarantee the prolonged usage of the composite pipes.
Fiber reinforced composite materials exhibit unique and complex failure characteristics such as fiber and/or matrix breakage, fiber deboning and delamination [8, 9] . The most important aspect of the composite material is the response of the epoxy matrix to chemicals and other industrial fluids. Although epoxy is cured without the need of additional heat, almost all pipes are manufactured with heat cure, which is done in order to enhance the reinforcing properties further. The fatigue crack growth and fracture behavior of epoxy resin have been reported [10, 11] . Alkaline solution and moisture have a very strong effect on glass fibers, which leads to corrosion-induced mechanical failure [12, 13] . It has also been reported that the original cracks in the composite would be filled with water molecules progressively when the glass-reinforced composites are immersed in water. This would cause some components to dissolve in water and thereby lead to the weight loss of the material [14] . Recently, Garcia-Espinel et al. [15] reported the effects of sea water on glass fiberreinforced plastic (GFRP) materials used for marine engineering constructions.
In the desert oil field, pipes are exposed to different environmental parameters such as ultraviolet (UV) radiation, temperature and humidity. A temperature elevation study reported the adequate stability of pipes when used in a desert oil field [5] . It is important to focus on the physical properties and the effect of swelled matrix before and after exposure to harsh environments similar to the desert oil field. Kuwait's crude oil reserves of 104 billion barrels (15 km³) are estimated to be 9% of the world's reserves. Kuwait Export Crude (KEC) is generally considered sour, with 2.52% sulfur content and an American Petroleum Institute (API) gravity of 31.1° (a typical medium Mideast crude). KEC is a mix crude from different oil fields, one of which is the Greater Burgan oil field, which makes up the dominant portion of production and has 2.3% sulfur content. In contrast, the Umm Gudair Field and Minagish Oolite Reservoir produce heavier crude oil, with higher sulfur content (3.8%). So there will be a huge demand for structurally stable fiber-reinforced composite pipes with high corrosion resistance for these oil fields. However, as the demand for these composite materials increases in the oil sector, it is necessary to explore the structural features in terms of their performance with minimum defects. This paper presents the results of the response of epoxy matrix in glass-reinforced epoxy pipes (GRE) against the Kuwait crude and well streams in the desert oil field to produce data and discussion regarding the structural reliability of epoxy-based components and structures. The composite pipe samples before and after exposure to simulated desert field environment were investigated and assessed using methods that include Fourier transform infrared spectroscopy, scanning electron microscopy (SEM) and measurements of tensile properties. The fundamental information regarding the thermo-oxidative stability of the composites was obtained from thermogravimetric analysis.
Materials and methods
The sample consists of a glass-reinforced epoxy pipe (GRE-P) of 171.5 mm in diameter. These pipes are made of high-strength fiberglass (E-glass) and amine-cured epoxy resin by the filament winding process. Standard dumbbell-shaped tensile test specimens (ASTM D638) were cut from the pipe sample, and some parts of the prepared specimens were kept without aging for the determination of their mechanical properties (control samples). Dumbbell-shaped tensile test specimens were immersed in different solutions and kept in a closed chamber at room temperature for different periods of time at 14, 30 and 60 days to allow for epoxy matrix swelling for later comparison with swelled samples after exposure to desert environment. The different aging media used for this work were wet crude, effluent water and concentrated scale inhibitor; the corresponding samples are labeled as GRE-P-c, GRE-P-e and GRE-P-s, respectively (see Tables 1  and 2 ). The scale inhibitor specially designed to control poorly soluble deposits formed in the presence of sulfonates and carbonates, such as calcium carbonate, calcium sulfate, barium sulfate and strontium sulfate, and formed in oil field equipment and water lines. It is important to note that, when a polymer is exposed to chemical environments, the chemical structural change of the polymer molecules occurs by chain scission, cross-linking and oxidation or substitution reactions.
In the desert oil field, pipes are subjected to UV radiation, various temperatures and moisture; which can initiate material degradation to a great extent. Simulated accelerated weathering test was used to provide the data of the samples under different environmental conditions equivalent to longer periods of natural weathering exposure. The performances of specimens under the controlled conditions of accelerated weathering (GRE-P-aw) can indicate the response of the materials under similar natural weathering conditions. Dumbbell-shaped test specimens were mounted in a QUV machine and exposed to a cycle of harsh conditions such as UV radiation followed by moisture and then by condensation. Various cycles were programmed in the chamber with a typical elevated temperature cycle of 60°C, followed by 4 h of condensation at 50°C. The chosen period in the QUV machine simulated an equivalent period of 8 months of natural weathering. This would give an insight into the mechanical as well as structural stability of materials after being subjected to chemical swelling in the aging stage of the experiment. After accelerated weathering, the samples were immersed for 14, 30 and 60 days in wet crude, effluent water and concentrated corrosion inhibitor, and they were labeled as GRE-Paw-c, GREPaw-e and GRE-Paw-s, respectively. A comparison of the swelling before and after exposure to desert environment was performed to evaluate the performance of the GRE pipes. A Jasco Vacuum FT/IR 6300 spectrometer, equipped with a vacuum optical bench, was employed to characterize the samples. The tensile properties of the GRE composites were studied using a Testometric machine (Model AG1) with a load cell of 100 kN capacity. The gage length between the jaws at the start of each test was adjusted to 40 mm, and the measurements were carried out at a crosshead speed of 1 mm/min. The results were obtained as average values of the five test pieces. A scanning electron microscope (TESCAN TS-5135) with an INCA energy dispersive X-ray spectroscopy system (Oxford Instruments) was used to examine the morphology of the GRE composites. Thermogravimetric analysis (TGA) was performed using a Shimadzu instrument (TGA-50, Shimadzu, Japan). The percentage weight loss was plotted against temperature using the TGA software of the Shimadzu instrument. The samples were heated at a rate of 10°C/min from ambient temperature to 800°C in air atmosphere. A direct chemical attack may cause profound, irreversible changes that cannot be restored by the removal of the chemical and, consequently, severe reduction of the mechano-physical properties such as tensile strength, ductility and impact resistance. The measurement of the mechanical properties of the composite samples was critical and thereby the examination of the impact of chemical swelling.
Results and discussion

Swelling studies
The amount of solvent absorption by the GRE composites was based on the following equation:
where m w and m d are the wet and dry weight of the test samples, respectively. Swelling is a usual phenomenon of interaction of a polymer with solvent. Insertion of such liquid into a polymer matrix tends to swell it and to change the associated properties. The total moisture insertion is not always reversible; a certain fraction forms a part of the polymer matrix. Dumbbell-shaped samples (ASTM D-638) were subjected to swelling tests based on the weight changes method. Swelling is one of the main factors that contributed to the matrix-fiber debonding. It was found that the solvent uptake levels of GRE composites were < 1% irrespective of the media used.
Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) spectroscopy was used to identify epoxy resins, phase separation and water uptake and other related reaction mechanisms. It is important to review the spectra of GRE pipe samples by assigning the peak positions. A complete vibrational band assignment was made for the selected GRE pipes aged under wet crude to confirm its chemical composition, as shown in Figure 1 . The bands around 3416 cm -1 were assigned to the vibration of the OH groups. Other bands corresponding to the stretching of the oxirane ring were found at 3034 cm (stretching C-O-C) and 831 cm -1 (stretching C-O-C of the oxirane group) [16] [17] [18] . The FTIR spectrum of the different samples clearly indicates that the well stream chemicals had no effect on the chemical composition of GRE. Furthermore, other aged samples exhibited a similar FTIR spectrum with the characteristic stretching bands of the epoxy matrix. The spectrum of the samples subjected to accelerated weathering (UV) also showed no considerable difference with respect to the control samples and UV-exposed samples aged under wet crude. Similarity in appearance indicates that there was no significant effect by the accelerated weathering followed by chemical aging on the structural features of the matrix. It can be seen also from Figure 1 that the there was no notable stoichiometric variation in intensity of the transmittance. The FTIR spectra thus confirmed that GRE pipes aged under harsh conditions have compositional homogeneity and architectural stability, which could lead to improved service life. Figure 2A and B shows the SEM images of the control GRE pipe sample and its corresponding aged samples kept under different solvent media. The matrix covering the fiber seems to be almost similar in appearance. Signs of matrix erosion were more noticeable in samples aged under wet crude. According to the SEM images of GRE-P-c, interfacial debonding between the glass fibers and the surrounding matrix is the main feature rather than a matrix failure. Normally, on continued exposure to aggressive solvents, removal of the matrix results and the imbedded fibers are normally exposed to erosive environment. The images of the samples aged in a scale inhibitor and effluent water showed that there was no pitting effect on the plastic phase. From the SEM images, GRE-P GRE-P-c GRE-Paw GRE-Paw-c Figure 1 : FTIR spectrum of GRE-P and GRE-Paw aged in wet crude.
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Figure 2: (A) SEM images of the GRE-P control sample and aged samples in wet crude, effluent water and scale inhibitor for 60 days.
(B) SEM images of GRE-P samples subjected to accelerated weathering, followed by chemical aging in wet crude, effluent water and scale inhibitor for 60 days.
it was clear that the composite structure constituted mainly of densely distributed fiber of the same type due to surface roughness. The size of the deformations could be observed at both low and high magnifications, which clearly determines the irregularities quantitatively. The high-pressure loading of corrosive chemicals for a long period may induce voids and microcracks at successive plies, which may cause leakage from the inner surface. The morphology of all GREs remained satisfactory for the tested period. In all cases, no fragmentation of the fibers was seen; moreover, there was no indication of deeper microcracks that could lead to structural failure. The effect of accelerated weathering in combination with aging in different media was also evaluated using SEM. The microstructural analysis of these samples showed more corrosive signs compared to the samples that were not treated under accelerated weathering. Accelerated weathering, particularly photo-oxidation, of polymers refers to the physical and chemical changes that occur when light energy is absorbed by the polymer matrix. Photodegradation is initiated by solar radiation, which results in the absorption of high-energy UV radiation by the polymer matrix and in the excited states in polymer molecules. However, other parameters such as heat, humidity and air pollutants also induce degradation, causing aging that resembles desert field conditions. Under accelerated weathering, the GRE pipe samples exposed to radiation similar to solar radiation showed degradation within the polymer as evidenced by the breaking of the C-H bonds in the macromolecules. As a result, cracking and debonding were observed ( Figure 2B ). The crack formation and matrix erosion mainly due to the combination of relative movement of molecular chains and the decreased interaction between the matrix and the fiber were more visible in crude oil and inhibitor solution. Signs of degradation in terms of cracking of the epoxy matrix were found to be caused by a combined effect of accelerated weathering and chemical aging under harsh conditions.
Tensile properties
The tensile properties, such as tensile strength, modulus and elongation at break, for all the specimens under various aging conditions are tabulated in Table 3 . The tensile strength and modulus results of pipe samples aged under wet crude were also plotted as a function of time.
Results showed that the tensile strength value slightly decreased with aging time, indicating that the composite was subjected to physical damage owing to the diffusion of the media and consequently damaged the bonding between the matrix and the fibers. The modulus values showed different trends except for the control samples. In general, the tensile strength is a fiber-dominant property and may not be influenced by the matrix [19] . When the strain in the composite reaches the fracture strain of the matrix, the matrix will fail and, consequently, all of the load transfer to the fibers. If both the matrix and the fiber show an elastic behavior, then stress calculation is based on Hooke's law, i.e. 
E fE f
where E is the elastic modulus, ε m is the strain on the matrix and f is the volume fraction of fiber. It is noted that when the epoxy matrix is exposed in different environments, the matrix becomes more brittle and thereby toughness decreases consequently [20] . The effect of fibers in combination with the brittle behavior of the matrix was responsible for the mechanical response of the composites. The presence of glass fibers in the epoxy matrix resulted in an increase in mechanical properties. It is known that the interface between fibers and a polymer matrix can transfer stress, which is beneficial for the improvement of the tensile strength of the composite matrix [21] . The tensile properties of the samples aged by accelerated weathering followed by chemical aging in wet crude, effluent water and scale inhibitor were also evaluated. The tensile strength of the UV-exposed (accelerated weathering) sample (GRE-Paw) was found to be lower than that of the control sample (GRE-P), and this change was attributed to the effect of photodegradation. The aging in different solvent media shows that there was no difference in the test results. The better performance of the mechanical properties of pipe samples even after chemical aging is related to the inherent stiffness and quality of the fiber dispersion owing to the adhesion between the matrix and the glass fibers [5] .
Thermogravimetric analysis
Fundamental information regarding the thermo-oxidative stability of the composites was obtained from the TGA. In this technique, the mass loss of the sample is monitored as a function of temperature, while the substance is subjected to a controlled heating program. The degradation behavior of selected GRE composites was studied, and the curves are depicted in Figure 3A and B. The initial weight loss of the polymers during exposure was mostly due to the loss of moisture and residual volatiles. However, the medium used for the chemical aging did not diffuse into the composite structure and therefore was not affected by the thermal stability of GRE owing to the strong interaction between the components. After many hours of exposure, the sample weight stabilized and any additional weight loss was indicative of the production of gaseous byproducts. The initial thermal stabilities were characterized by the temperature at which 20% weight losses occurred, referred to here as T 20% (data for the variation in these temperatures are summarized in Table 1 ). In this stage, the chain scission of the epoxy matrix yielded combustible gasses, water, amines, gaseous aromatic compounds, etc. As shown in Table 4 , the GRE-Paw-s sample has a higher degradation temperature at T 20% which is 644°C, followed by GRE-Paw-e, while GRE-Paw-c and GRE-Paw have the lowest, which means that aging of the samples did not significantly influence the thermal stability of the samples. The important point here is that the aged samples have better thermal stability than the original unexposed one. The improvement in thermal stability for cured samples could be due to the existing strong interaction in the polymer matrix and to the limited representation of all components in that particular tested sample. The fractions of non-volatile material at 700°C, known as "char residue," for all GRE samples are also shown in Table 4 .
It is noted that all tested GRE samples have a very close char residue of 24% to 25%. It is believed that the remaining char residue could be the glass fiber remaining, which confirms that cured epoxy improved flame retardancy, owing to the highly stable glass fiber. Other researchers such as Min et al. [22] have reported a similar performance of GFRP and investigated its thermal stability by using TGA; they found that thermal stability increases with increasing content of glass fibers. GRE-P GRE-P-s GRE-P-e GRE-P-c 600 800
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Conclusions
The present study shows the effect of epoxy matrix on GRE pipes when exposed to chemicals/media encountered in desert oil field environments. FTIR spectroscopy and morphology studies using SEM were used as tools to examine the material behavior under the chosen media. All the test specimens exhibited similar FTIR spectrum with the characteristic stretching bands of epoxy matrix, which indicated the structural stability of the GRE system against well streams and chemicals. SEM images provided a clear representation of fiber matrix debonding upon chemical aging. The effect of fibers in combination with the brittle behavior of the matrix was responsible for the mechanical response of the composites. The epoxy matrix provides a chemical barrier by reducing the solvent diffusion and vapor permeation, thus extending the service life of GRE pipes. Tensile testing showed that the tensile strength changed slightly with aging time, indicating that the composite was subjected to physical damage owing to the intrusion of the media. Consequently, the matrix swelled and broke, and the soluble material at the interface damaged the bonding between the matrix and the fibers; hence, this detrimentally affected the mechanical properties of the GRE composites. All the GRE pipes showed adequate thermal stability to withstand harsh conditions, thus making them suitable for service-temperature applications.
